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ABSTRACT 
The twinning rate of North American Holsteins was analyzed using a linear sire 
model (LM) and a threshold sire model (TM) to estimate fixed effects and predict sire 
I 7) J:,lo 
predicted transmitting abilities (PTAs). The data were 1,324,678 births of 37,174 sires 
of darns collected from the National Association of Animal Breeders (NAAB) calving 
ease database. Due to small numbers of triplets, they were not included in the analysis . 
The twinning rate was 5.02%. No differentiation between rnonozygotic and dizygotic 
twins was available , so all twins were assumed to be dizygotic. The sire model included 
relationships among sires and fixed effects of herd-year, season, parity, and sire groups. 
Heritabilities for the sire of the darn effect were estimated to be 2.10% for the LM analysis 
and 8.71 % for the TM analysis. The sire evaluations ranged from 1.56% to 7.95%. The 
parity effect show a marked increase between first and second parities (1.17% vs. 3.95%), 
but this trend leveled off in parities 3, 4, and 5 or more (5.11 %, 5.54%, and 5.54%, resp.). 
The season effect showed a peak in the spring and a valley in the fall ( 4.48% vs. 3.17%) . 
Sire group effects were found to show sires born after 1990 to be more likely to cause 
twinning. The mean twinning rate for sires born before 1980 was 3.42% compared to 
mean of 4.25% for sires born after 1991. The highest sire evaluation for twinning rate 
had an estimated PTA of 7.95%. His observed frequency of twinning was 16.2%. The 
lowest sire PTA was 1,56%, while his observed frequency was 0.7%. 
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CHAPTER 1 
INTRODUCTION 
Twinning brings with it several negative consequences, including increased dystocia, 
retained placenta, longer rebreeding intervals, higher mortality rate, and freemartins 
(sterile females born with a male twin). Therefore, dairy producers consider twin birth 
a negative trait, whereas a beef producer considers the benefit of the extra calves in mul-
tiple births to be a positive advantage. A dairy producer is estimated to loose between 
$108 and $119 per twin birth (Beerepoot et al., 1992; Eddy et al., 1991, resp.). Holstein 
cattle tend to have higher twinning rates than other dairy breeds. Also, dairy cattle 
tend to twin more often than beef cattle (Rutledge, 1975). The research conducted 
in this study will calculate predicted transmitting abilities (PTAs) of Holstein sires for 
twinning rate. These PTAs can then be used by the Artificial Insemination (AI) indus-
try to provide producers with the option of selecting agaillst sires with high twinning 
rates. Researchers at the University of Wisconsin (UW) will also use this information in 
quantitative trait loci (QTL) mapping. A QTL is the detection and mapping of several 
genes related to a trait of interest. The UW has identified a QTL with large effects on 
ovulation rate (a trait highly correlated to twinning rate) in a Swedish Friesian cattle 
family (B.W. Kirkpatrick, personal communication). These researchers believe the QTL 
will be found to have large effects in Holstein sires considered in this study due to a 
direct ancestral link to a Canadian Holstein bull. The UW research will also provide the 
AI industry the opportunity to provide producers with semen of higher value. 
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The USDA is conducting selection experiments on a population of beef cattle at Clay 
Center, NE. The current twinning frequency is approximately 35%. This research is well 
documented (Echternkamp and Gregory, 1999a,b; Echternkamp et al., 1990; Gregory 
et al. , 1990a,b, 1996, 1997; Van Vleck and Gregory, 1992, 1996a,b; Van Vleck et al., 
199la,b). The USDA research includes special management practices that alleviate some 
of the negative effects of twinning. If this type of management proves to be effective, 
high twinning rates may become beneficial to beef producers in that a healthy twin 
pregnancy yields two calves from one cow in a given year as opposed to only one calf. If 
beef or dairy producers decide to select for higher twinning rates, the research conducted 
in this study will provide new information to help them make their selection decisions. 
In spite of negative effects due to twinning, Gregory et al. (1996) observed the beef dams 
of twins produce 53.1% more total calf birth weight (live), produce 58.4% more total 
weaning weight , and wean 65.2% more calves at 200 days of age than dams of single 
calves. A further decrease in the negative effects of twinning would inflate production 
even more. Whether producers select for or against high twinning rates , the option of 
selecting for this trait is a benefit not currently available. 
The main objective of this research is to calculate predicted transmitting abilities 
(PT As) for twinning rates of Holstein sires available through the AI industry in North 
America. Note that this study assumes all twins to be dizygotic (the result of a double 
ovulation) , since monozygotic (single ovulation) twins occur so infrequently (Johansson 
et al., 1974; Cady and Van Vleck, 1978). Additional discussion of ways to model the 
frequency of mono- and dizygotic twins appears in Appendix A. 
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CHAPTER 2 
LITERATURE REVIEW 
Historical Perspective 
A historical glance at twinning reveals many negative effects on production. These 
effects include increased dystocia, retained placenta, longer rebreeding intervals, higher 
mortality rates, and frequent occurrence of freemartins (sterile females). However, twin-
ning has the obvious and potentially major benefit of twice as many calves per birth. 
Currently the negative effects outweigh the main positive effect for both beef and dairy 
cattle. The USDA has used different management techniques which have shown some 
evidence of reduction in these negative effects (Gregory et al. , 1990b; Echternkamp et 
al., 1999b). If different management proves to be successful on a large scale, the outlook 
for twinning may swing to a more positive view. 
Historically, producers consider twinning a detrimental trait, and one would antic-
ipate a preference for selection against twinning. However, high twinning individuals 
do still appear, especially in the Holstein breed. Protection of recessive alleles may 
explain these occurrences; however , Van Vleck and Gregory (1996b) reported no dom-
inance effects appear for the trait of ovulation rate, a trait closely related to twinning 
rate. Gregory et al. (1990a) concluded that twinning rate is a quantitative trait, that 
has an underlying continuous expression involving many loci. Rutledge (1975) collected 
twinning frequencies of several cattle breeds from studies conducted between the years 
of 1921 to 1974. The Holstein breed ranged from 1.6% to 8.8%. The Friesian breed, an 
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ancestrally related breed, ranged from 0.5% to 7.9%. In general, the dairy breeds tend 
to have higher twinning rates than beef breeds. Rutledge (1975) suggested a possible 
explanation to be a better environment that a dairy producer provides as opposed to a 
beef producer. For example, a dairyman has closer contact to his cattle via daily feeding 
and milking. He would be more likely to identify a difficult calving early and provide 
assistance which would increase survival of twins. 
Erb et al. (1960) and Rutledge (1975) discussed the possibility of selection for twin-
ning rate with much pessimism. Based on low heritability and repeatability estimat.es, 
Rutledge (1975) concluded that selection for increased twinning was too difficult and not 
feasible in practice. Erb et al. (1960) explained the disadvantages resulting from twin-
ning were not huge and selection against twinning was not worth the effort, either. On 
the other hand, Johansson et al. (1974) suggested intense selection for twinning would 
increase the twinning rate by greater than 2% per generation. Rutledge (1975) quotes 
the vision of Mr. J. Macgillivray who wrote in 1857, "I think there is no doubt but, by 
proper selection and management, a race of twin-bearing cattle might be established." 
As Mr. Macgillivray predicted, the USDA has conducted research to select on twinning 
rates and ovulation rates while instituting special management practices which are well 
documented in the following three sections. 
Even though there are exciting possibilities for increased twinning rates, producers 
will select against twinning if given the opportunity. This study is an attempt to provide 
producers with information that will allow them to select either for or against twinning. 
Genetic Parameters 
Dairy Cattle 
Ron et al. (1990) observed the twinning rate in Israeli Holsteins. They found the 
twinning rates of second and third parity cows to be 4.8% and 6.9%, respectively. They 
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estimated heritability to be 10.13 using a threshold model , but only 2.23 using a linear 
model. These heritabilities are rather low, if selection is to be an effective way to change 
twinning rate. Repeatability estimates were 553 and 303 for the sire and maternal 
grandsire models, respectively. The twinning rate of Israeli Holsteins has increased from 
4.53 to 5.63 during the last 20 years. Milk yield has also increased during the same 
20 year period, and Ron et al. (1990) mentioned the possibility that the increase in 
twinning was a consequence of the selection for milk yield. 
Syrstad (1974b) estimated heritability and repeatability of twinning in Norwegian 
dairy cattle to be 2.2 ± 0.23 and 6.0 ± 0.73, respectively. Additionally, Syrstad trans-
formed the 2.23 heritability on a binomial scale to 233 for an underlying continuous 
variable using a formula from Van Vleck (1972). This could be an overestimate, since 
twinning occurs less than 203 of the t ime as Van Vleck (1972) warned in his article. 
Day et al. (1995) reported 6.863 of California Holstein cows gave birth to twins in 
their study. Eddy et al. (1991) observed a 2.53 twinning rate in British dairy cattle 
which increased with parity (0.93 for first parity up to 53 by sixth parity). Nielen et 
al. (1989) observed a 3.23 twinning rate in Dutch Friesians and Holsteins. Although 
repeatability was not estimated, Nielen et al. (1989) notes a tendency of twinning cows 
to twin again. Of cows that had twinned once, 9.33 twinned again in a later pregnancy, 
and of cows that had twinned twice, 12.53 twinned a third time. These values were 
higher than expected. Assuming a random model with 0.032 probability of twinning 
and five calvings, 6.43 of the cows that twinned once will twin again; 3.33 of the cows 
that twinned twice will twin again. Further discussion of conditional probabilities of 
twinning is given in Appendix B. 
Beef Cattle 
In another study, the USDA has conducted research on a beef herd (which included 
Holstein crosses) at Clay Center, NE, that has been selected to increase twinning rate 
6 
(Van Vleck et al., 199la). The heritability and repeatability estimates calculated for 
this herd were 9% and 4%, respectively. This study suggests measuring the ovulation 
rate which is strongly correlated to the twinning rate. The average heritability estimate 
of ovulation rates was 16% with a range of 2% to 25%. Repeatabilities ranged from 5% 
to 20%. This study demonstrates that indirect selection for ovulation rate in puberal 
heifers is an effective criterion for increasing the twinning rate. Genetic correlations 
ranging from 0.8 to 0.9 affirm the relationship between twinning and ovulation rate. 
Echternkamp et al. (1990) calculated a heritability of 7 ± 3% for ovulation rate of 
a single estrous cycle per heifer. They also calculated a heritability of 34 ± 18% for 
ovulation rate of an average of 7.9 estrous cycles per heifer. A later study on the same 
herd gave similar results (Gregory et al. , 1997). 
Table 2.1 Summary of Heritability (h2) Estimates 
Reference Model h2(%) #Records # Sires 
Dairy Cattle 
Ron et al. (1990) Linear, sire 2.2 124,553 179 
Linear, mgs 1.7 124,553 179 
Threshold, sire 10.1 124,553 179 
Threshold, mgs 10.5 124,553 179 
Cady & Van Vleck (1978) Linear, sire 5.0 10,600 52 
Beef Cattle 
Van Vleck et al. (199la) Linear, animal 8.0 1,374 58 
Linear, sire 9.0 1,374 58 
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Associated Effects 
Environmental Causes of Twinning 
Parity 
The relationship between parity and percent of twin births appears strong. As parity 
increases, the likelihood of twins increases. Ron et al. (1990) observed the twinning rates 
of second and third parity cows to increase from 4.8% to 6.9%, respectively. Eddy et 
al. (1991) observed a 2.5% twinning rate in British dairy cattle which increased with 
parity (0.9% for first parity up to 5% by sixth parity). Johansson et al. (1974) also 
noted increased twinning in dizygotic twins with parity, but monozygotic twinning did 
not increase with parity. 
Season 
Calving seasons were sprmg and fall, in the USDA herd, so summer and winter 
season effects were not available. During the foundation stages of this herd Gregory et 
al. (1990a) observed that the twinning rate was greater (P < .05) in the fall than in 
the spring calving season (1.13 vs. 1.06 calves/dam). Van Vleck and Gregory (1996a) 
observed that older cows had a higher frequency of twins, and this trend was also more 
pronounced in the fall than in the spring season. Results were similar for ovulation rate. 
Echternkamp et al (1990) stated, "Ovulation rate in postpartum cows was higher (P < 
.05) in fall than in spring (1.15 vs. 1.08 eggs/ovulation)." 
Rutledge (1975) noted that some studies observed two peaks for twinning rates in 
a calendar year. The first peak occurred in March and April; the second in September 
and October. Meanwhile the valleys were in December and January, and June and July. 
Rutledge (1975) also commented about other studies claiming no significant seasonal 
effects. For a recent example, Eddy et al. (1991) noticed a range of twinning in British 
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dairy cattle from 1.5% to 3. 7% by seasons, but these effects were not significant. 
Herd-Year 
Ron et al. (1990) used herd-year-season (HYS) in his model, but did not report any 
results giving the magnitude of these effects. Certainly there is potential for large herd 
effects if certain herds have high genetic merit for twinning. 
Other Possible Causes 
Rutledge (1975) mentioned the possibility of dairy cattle having a better environment 
than beef cattle due to the dairy producer having closer and more frequent contact to 
the cattle. Any environmental problems can be detected early and dealt with quickly, 
which improves each twin's chance of survival. 
Ron et al. (1990) noted that a large increase in milk production over the last 20 
years coincided with an increase in twinning rate of Israeli Holsteins. This introduces 
the possibility of higher producing cows having a greater predisposition for twinning. 
Summary of Twin Causing Effects 
Parity, season and herd-year will be included in the model. These effects are not 
always significant, but should be included in the model because of their potential to bias 
the estimates of other effects in the model, if they are ignored. 
Effects Resulting from Twin Births 
Dystocia 
Dystocia is difficulty a cow may have when giving birth. Extreme difficulty often 
results in the death of the calf, and it sometimes kills the cow as well. Echternkamp 
and Gregory ( 1999a) reported the occurrence of dystocia was also higher in twins than 
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singles ( 46.93 vs. 20.63). Both dystocia percentages seem high, but may be explained 
by the fact that the herd studied tends to have large calves. Dystocia in single births 
is often the result of a large calf or small dam. In general, twin calves tend to be 
smaller than single calves, but in this herd, "twin calves are of relatively large physical 
size/birth weight (Gregory et al., 1996), which may affect their ability to orient them-
selves within the uterus ... " (Echternkamp and Gregory, 1999a). Corresponding to this 
idea, Echternkamp and Gregory (1999a) noted 78.93 of dystocia occurring in twin births 
was due to abnormal presentation of head and/or feet in one or both calves compared 
to only 21.83 of single dystocia cases. Other studies also observed increased dystocia 
associated with twin births (Cady and Van Vleck, 1978; Guerra-Martinez et al., 1990). 
On the other hand, Eddy et al. ( 1991) found no increased need for assistance in 
twin births for British dairy cattle. Anderson et al. (1979) noted no increased need 
for assistance of twins over singles in twin pregnancies induced by embryo transfer. 
However, the reason for dystocia in twin births was malpresentation, while large calves 
caused dystocia in single births. 
Retained Placenta 
Usually a retained placenta requires veterinary assistance to be discharged. This 
increases cost and chance of infection of the reproductive tract. Nielen et al. (1989), 
Guerra-Martinez et al. (1990) and Eddy et al. (1991) observed more occurrences of 
retained placenta after twin births. Echternkamp et al. (1999a) reported occurrences of 
retained placenta in twin compared to single births to be 27.93 versus 1.93. There ap-
peared to be a relationship between gestation length and incidence of retained placenta. 
The shorter gestation length tended to increase the occurrences of retained placenta. 
Short gestation may result in less placental development and therefore the retained pla-
centa. 
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Shorter Gestation Length 
Cady and Van Vleck (1978), Nielen et al. (1989) and Guerra-Martinez et al. (1990) 
found shorter gestation lengths in twin births than in single births. Eddy et al. (1991) 
observed gestation lengths to be 277 days vs. 285 days for twin versus single births. 
Echternkamp et al. (1999a) reported that gestation length for cows carrying twins was 
275.6 days, which was significantly shorter than for cows carrying single calves (281.3 
days). The shorter gestations also tended to have more occurrences of retained placenta. 
Longer Rebreeding Intervals 
Twinning tends to increase the interval from parturition to first estrus, ovulation, or 
conception. Nielen et al. (1989) noted an increase in the number of days open for cows 
that twinned. Eddy et al. (1991) observed twinning cows' calving to conception interval 
was lengthened by 33 days. Longer rebreeding intervals could possibly be related to 
shorter gestation length. If a cow calves early, she has more days to be open before 
rebreeding. Also, rebreeding is highly affected by the breeding and culling practices of 
any given farmer. 
Echternkamp et al. (1999b) reported a shorter gestation length of twin births caused 
an increase in the interval from parturition to first estrus. Days to first estrus of dams 
of twins nursing one calf was 68.5 days and nursing two calves was 69.6 days. This was 
about 12 days more than for dams of singles nursing one calf (56.9 days). These longer 
intervals may be a result of additional stress during pregnancy and during lactation 
when nursing twins. Early weaning is a management practice employed in the USDA 
herd as an attempt to shorten this interval. 
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Mortality and Abortion 
Twin births tend to increase the frequency of still-born calves. Eddy et al. (1991) 
reported 15.2% vs. 5.4% of twin versus single calves were still-born. Beerepoot et 
al. (1992) reported 19% and 5% for twin and single calves. Day et al. (1995) noted 
15. 7% and 3.2%. Also Day et al. (1995) explained that abortions occurred at rates of 
12.0%, 26.2% and 32.4% for single, bicornual twin, and unicornual twin pregnancies, 
respectively. 
In the USDA beef herd, Echternkamp et al. (1999b) reported mortality rates of twins 
and singles as 12.4% and 3.5%, respectively. Gregory et al. (1990b) stated, "When 
dystocia was experienced, calf survival at birth was 95% vs. 73% for singles vs . twins 
compared with 99% vs . 92% when no dystocia was experienced." However, postnatal 
survival and growth of twins was no different than singles. 
Twin calves tended to be lighter and weaker at birth (Cady and Van Vleck, 1978; 
Guerra-Martinez et al., 1990). After initial survival, twin calves compensated for their 
light weights with growth comparable to single born calves. Twin calves reached the 
same final size as single calves representing an obvious advantage in overhead cow costs. 
Free martins 
A freemartin is a sterile female that was born twin to a male. In sets of male-female 
twins , 91 % of the females were sterile (Rutledge, 1975). In spite of these sterile females, 
the number of heifers available to replace culled older cows from twin births remained the 
same due to fertile females resulting from female-female twin births (Nielen et al, 1989; 
Guerra-Martinez et al., 1990). A sterile female has no value to a dairy producer for milk 
production, and little market value. On the other hand, a beef producer will still have 
added market value from a freemartin. Gregory et al. (1996) discovered freemartins 
had similar growth, but had better marbling and carcass scores and lower estimated 
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percentage retail product than normal heifers. Guerra-Martinez et al. (1990) notes, 
" ... the proportional increase in output above replacement needs would be greater than 
for total calves reared." 
Nielen et al. (1989) claimed 95% of females born twin to a male are freemartins in 
Dutch Friesians and Holsteins. Dutch dairy farmers often sell calves for veal which gives 
an alternative value to freemartins. A potential freemartin can be checked for fertility 
shortly after birth using a simple inexpensive test usually resulting in accurate diagnosis 
(L.E. Evans, personal communication). This gives producers the cost effective option to 
sell freemartins long before diagnosis of sterility at puberty. 
Milk Yield 
Syrstad (1974a) and Nielen et al. (1989) noted a higher peak yield of cows before 
calving twins, but this effect was lost by the time of parturition due to additional energy 
spent nurturing two calves in the uterus. A possible explanation could be that higher 
yileding cows tend to have a higher predisposition for twinning. Ron et al. (1990) noted 
a large increase in average yield during the years of 1970 through 1990 coincided with 
an increase in twinning rate of Israeli Holsteins. Syrstad (1974b) states, "A positive cor-
relation (approaching significance) was observed between the estimated breeding value 
of sires for milk yield and the frequency of twinning among their daughters." On the 
other side of parturition, cows tended to yiled more milk after giving birth to twins, and 
incidences of milk fever of the dam were not significantly different between single and 
twin births (Eddy et al., 1991). Guerra-Martinez et al. (1990) noted a 25% increase of 
milk production for beef dams of twins. 
Calf Growth and Carcass Traits 
Twin calves tended to be lighter and weaker at birth (Cady and Van Vleck, 1978; 
Guerra-Martinez et el., 1990). After initial survival, twin calves compensated for their 
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light birth weights with growth comparable to single born calves. Twin calves reached 
the same final size as single calves representing an obvious advantage in overhead cow 
costs. 
Another study on the USDA herd acknowledged a positive genetic correlation be-
tween weight traits and ovulation or twinning rate (Gregory et al., 1997). This proposes 
a tendency for larger, faster growing animals to twin more. Large animals also tended 
to give birth to large calves contributing to increased calving difficulty and stillbirths. 
Gregory et al. (1996) discovered that a sample of steers from the high twinning herd 
gained faster and produced more desirable carcasses than steers from a high performance 
reference population. So selection for increased twinning did not compromise growth or 
carcass traits. Instead, it appears to improve carcass traits. Gregory et al. (1996) also 
compared freemartins with normal heifers. Freemartins had similar growth, but had 
better marbling and carcass scores and lower estimated percentage retail product. 
Summary of Effects Resulting from Twins 
An effect implied but not previously mentioned is culling. Farmers tend to cull 
twinning cows because of delayed rebreeding and other reproductive problems, while 
cows calving singles were usually culled because of poor milk production (Nielen et al., 
1989). Eddy et al. (1991) and Beerepoot et al. (1992) included culling factors in their 
economic analysis of losses incurred by dairy producers as a result of twinning. 
In general, twinning reduced the reproductive performance of dams in their sub-
sequent pregnancy and, in the case of freemartins, reduced the calves' reproductive 
performance as well. Producers were estimated to loose $108 to $119 per twin birth due 
to the reductions in performance described above (Beerepoot et al., 1992; Eddy et al., 
1991, resp.). In spite of these negative effects related to twinning, beef dams of twins 
produced 53.l % more total calf birth weight (live), produced 58.4% more total weaning 
weight, and weaned 65.2% more calves at 200 days of age than dams of singles (Gre-
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gory et al. , 1996). Guerra-Martinez et al. (1990) claimed the genetic use of twinning in 
beef cattle is warranted. In contrast, Cady and Van Vleck (1978) claimed selection for 
increased twinning in Holsteins would not be desirable. 
Progress Due to Selection 
Implementation of Intensive Management Practices 
Selection for increased twinning rate has been difficult. Heritability and repeatability 
estimates are low. Only females can be measured, and measurement is usually done 
later in life. Twinning frequency can only be measured after 2 to 3 years of age and only 
once per year. New technologies have eased problems with selection. Rectal palpation 
has made it possible to detect multiple ovulations in heifers before parturition and 
ultrasonography has allowed for early detection of twin births. These and other intensive 
management practices were utilized in the USDA herd to make twinning a feasible 
technology (Gregory et al. , 1990b and Echternkamp et al., 1999b). Rectal palpation has 
enabled t he selection of multiple ovulating heifers for increased twinning before observing 
results of several pregnancies. Not only does this make selection easier, it drastically 
shortens the generation interval to speed response to selection. 
Early detection of single and twin births by ultrasonography is used to provide better 
nutrition for twin bearing cows in their last trimester. This practice attempts to reduce 
calf mortality and increase the cow's reproductive performance. Close observation of 
cows near to parturition should ensure quick assistance in cases of dystocia also resulting 
in reduced calf mortality. Also, prior knowledge of a twin birth will be helpful to quickly 
deliver the second calf, especially in cases of abnormal presentation. Twins are weaned 
from their dams early to decrease the stress of nursing two calves as opposed to one. 
This practice should shorten the cow's rebreeding interval. The USDA herd has two 
calving seasons (spring and fall). If a cow did not conceive for the appropriate calving 
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season, the cow could still conceive for the next calving season without losing an entire 
year to unproductivity (only six months). 
Although these management practices don't always demonstrate significant reduc-
tion in detrimental twinning effects, they should not be neglected. Echternkamp et al. 
(1999b, p.59) summarized their intense management practices as follows: 
Implementation of a twinning technology requires development of beef pro-
duction and husbandry procedures to reduce the negative impact of twinning 
and its associated complications on calf survival and on fertility. Although 
early diagnosis of twin pregnancies by ultrasonography and increased dietary 
energy intake did not improve calf survival and rebreeding performance for 
dams of twins in the present study, timely obstetrical assistance and in-
creased pre- and postpartum nutrition for dams with twins are essential to 
the implementation of twinning technology. Without them, previous ex-
perience indicates that calf survival and pregnancy rates would have been 
significantly lower than those reported here. 
Response to Selection 
In 1960, the disadvantages resulting from twinning were not huge and selection 
against twinning was not considered practical (Erb et al., 1960). However , in 1974, 
it was suggested that intense selection for twinning would increase the twinning rate by 
greater than 2% per generation (Johansson et al., 1974). In 1981, the USDA began an 
experiment to select for increased twinning rates in beef cattle (Van Vleck and Gregory, 
1996a). Although the herd was primarily composed of beef breeds, some Holstein cattle 
were included in the experiment. The heritabilities for twinning and ovulation rates were 
3% and 7%, respectively. Their genetic correlation was near unity. Heifers were selected 
to become dams by observing ovulation rates in 6 to 8 estrus cycles before breeding. In 
1982, the initial twinning rate for cows born in this experiment was 3.4%. As of 1993, 
the twinning rate had increased to 28.5%. This demonstrates dramatic improvement 
due to selection in spite of the low heritabilities. The results showed a trend that older 
cows had more twins . This trend was more evident in the fall calving season than the 
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sprmg season. There was a 3.5 ± 1.0% advantage of fall over spring season. However, 
the calendar month solutions showed no trend. Selection for increased twinning rate may 
be difficult to execute in light of low heritabilities and intense management; however, 
this USDA experiment has shown that it is possible to successfully increase the twinning 
rate of cattle through genetic means. 
Quantitative Trait Loci 
Syrstad (1984) investigated the possibility of multiple births being the expression of 
one major gene, but no supporting evidence was found. Gregory et al. (1990a) conclude 
that twinning rate is a quantitative trait, that has an underlying continuous expression 
involving many loci. 
Quantitative trait loci (QTL) is a general phenomenon in which it is hypothesized 
that a segment of a chromosome (representing one or several genes) is closely linked 
with genes representing a quantitative trait. Because ovulation rate and twinning rate 
are highly correlated (Van Vleck et al., 1991), a QTL for ovulation rate should also 
be a QTL for twinning rate. Blattman et al. (1996) located QTLs for ovulation rate 
of beef cattle on chromosomes 7 and 23 in the USDA herd. Using results from beef 
cattle, researchers at the University of Wisconsin (UW) have proposed a directed search 
to find specific QTL for ovulation rate in dairy cattle. B. W. Kirkpatrick (unpublished 
results) at the UW detected QTLs on chromosomes 5, 7 and 19. Kirkpatrick's work 
focused on a family of Swedish Friesians noted for high twinning rates in conjunction 
with the USDA herd. Kirkpatrick strongly anticipates detecting the same QTLs in 
North American Holsteins, since European Friesians are ancestors of North American 
Holsteins. In particular the Swedish Friesians studied have a direct relationship to a 
Canadian Holstein bull. Kirkpatrick will use the predicted transmitting abilities (PT As) 
calculated from this study to search for additional QTLs. The method that Kirkpatrick 
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will employ is referred to as the 'granddaughter ' design introduced by Weller et al. 
(1990). This method was also implemented by Georges et al. (1994) for locating QTL 
for milk production in dairy cattle. 
Data 
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CHAPTER 3 
METHODS AND MATERIALS 
The data used in this study, over 1.3 million calvings from 1994 to 1998, were obtained 
from the National Association of Animal Breeders (NAAB) calving ease database. The 
NAAB gathers calving ease records from two sources: 1) ten artificial insemination 
breeding companies that collect calving ease data from their cooperating herds across the 
United States and Canada, and 2) the Dairy Herd Improvement Association (DHIA) 
that collects calving ease records from all herds enrolled in the DHIA program through 
seven Dairy Records Processing Centers (DRPCs). The information this study uses from 
the NAAB records are sire of the dam, parity, herd, year, season, and type of birth (twin 
or single) . Although, both monozygotic and dizygotic twins occur, it was not possible to 
distinguish between them with this data. Cady and Van Vleck (1978) claim only 9.04% 
of Holstein twins are monozygotic. Similarly, Johansson et al. (1974) observed 7.21 % 
of Swedish Friesian twins are monozygotic. Both studies found no significant difference 
from the 1:2:1 (male-male : male-female : female-female) ratio of twins expected, if 
all twins were dizygotic. Therefore, this study assumes all twin births to be dizygotic. 
Further discussion of ways to model the frequency of mono- and dizygotic twins appears 
in Appendix A. 
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Data Gleaning 
Several uninformative records were omitted from the analysis. Records that were 
obviously erroneous were deleted. Triple births were omitted. Data from two DRPCs 
were eliminated due to obvious bias in reporting multiple births; one had no twins in 
several thousand births, and the other had five twins in over three thousand births. 
Herds, where only one sire per herd-year was used, were omitted. These herds could 
have caused bias , because twinning would be confounded with other effects in the herd. 
(For example, did the sire cause twinning or is it just a trait of the herd?). Only sires 
with 25 or more progeny records were kept to ensure more accurate analysis. The intense 
data collection occurred from 1996 to 1998; however , there were sparse records from as 
early as 1989. These early records would make estimation of herd-year fixed effects 
difficult. Only records from 1994 to 1998 were kept. 
A threshold model was used with twinning rate defined as a single or twin birth. 
Twinning rate was considered to be a trait of the dam. Fixed effects considered in the 
model include herd-year, season (1 to 4), parity (lto 5+ ), and sire groups (1 to 5). Later 
evidence in favor of treating herd-year as a random effect will be presented. Months of 
birth were grouped into four seasons. The seasons are the following: January through 
March (winter) , April through June (spring), July through September( summer), and 
October through December(fall). Parities considered were first, second, third, fourth, 
and fifth or higher. Unknown sires were assigned to one of five phantom parent groups 
based on the year of birth of the calf. Sire groups were included since sires were born 
over a large period of time. Sires were grouped by the following birth years: before 
1980, 1981 to 1985, 1986 to 1990, 1991 to 1998, and unknown sires (or sire birth year 
was unknown). Simultaneous analysis of a data set as large as this one was difficult and 
tested the limits of the computing resources available. Several subsets of the data were 
analyzed to estimate genetic parameters and to answer specific objectives. 
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Data Analysis 
Model 
Twinning rate is considered to be a trait of the cow. Only one sire needs to be 
included in the genetic analysis of twinning rate, i.e., the sire of the cow producing 
twins. It appears reasonable to leave the sire of the calf out of the model, because the 
sire of the calf will have no effect on whether the dam ovulates one, two, or more eggs, 
and there is no evidence suggesting the sire of the calf can cause splitting of the zygote 
after fertilization (Johansson et al., 1974). 
The model used for analysis is 
Yijklmn =µ+Pi+ hyj + seak + 91 +Sm+ Eijklmn, (3.1) 
where Yijklmn is 0 (single) or 1 (twin) calving of cow n in parity i, with effect of the jth 
herd-year, and in season k, with the sire in the lth sire group, the effect of the mth sire 
of dam , and the residual Eijklmn· The s and residual effects are random, while p, hy, sea 
and g are fixed effects. Later however, some of the analyses were done assuming hy to 
be a random effect. The mean of all observations is µ. For example, given a random 
birth, the chance of it being a twin would be µ. If, in addition, it is known that the 
birth occurred in the dam's third parity and spring season, then the effects of the third 
parity and spring season can be added (or subtracted, if negative) from the ~ean, so 
the expected chance would then beµ+ p3 + sea2 . 
The model in matrix form is 
y = X(3 + Zu + t:, 
where matrix X assigns the appropriate fixed effects to the observed twinning rate for 
each cow, and matrix Z assigns the sire random effects. The vector (3 contains the fixed 
effects and vector u contains the sire (random) effects. Therefore, the expected value of 
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y is given by 
y = X{J + Zu 
or 
Yi = X i{J + ZiU, 
for each individual observation where X i and Zi are the row vectors corresponding to 
observation i. 
For an example of the matrix form of the model, X {J could have been defined as 
µ 
P1 
P2 
1 0 1 0 0 0 0 0 1 0 p3 
1 1 0 0 0 0 1 0 0 0 p4 
1 1 0 0 0 0 0 0 1 0 p5 
1 0 0 0 0 1 1 0 0 0 sea1 
sea2 
sea3 
sea4 
where each row of X corresponds to an observation and each column of X corresponds 
to a fixed effect. So from the example, the mean is added to every observation. The 
first observation occurred in the dam's second parity and summer season; the second 
observation occurred in the first parity and winter; third observation occurred in the 
first parity and summer; and fourth observation occurred in the fifth or higher parity 
and winter. 
Similarly, an example of Zu could be 
1 0 
1 0 
1 0 
0 1 
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[ :: ] , 
where each row of Z corresponds to an observation and each column of Z corresponds to 
one of two sires. So from the example, the first, second, and third observations resulted 
from calvings of daughters from the first sire, but the fourth observation resulted from 
a calving of a daughter from the second sire. 
The linear model was analyzed using programs available at the Iowa State Univer-
sity Department of Animal Science to obtain restricted maximum likelihood (REML) 
estimates of variance components (Multiple Trait Derivative-Free Restricted Maximum 
Likelihood, MTDFREML, Boldman et al., 1993). 
A threshold model (TM) was used to obtain REML-like estimates of the sire variance. 
Herd-year variance was not estimated due to the large number of herd-year subclasses . 
Herd-year effects in the TM were absorbed as a random variable using the estimate of 
the ratio of herd-year variance to the error variance from the LM. The threshold model 
(TM) was analyzed using a program for threshold characters written by Misztal et al. 
(1989). 
Linear Mixed Model Equations (LMME) 
Henderson s (1984, p. 340-343) linear mixed model equations (LMME) used for a 
continuous normally distributed trait (e.g. , milk yield or yearling weight) are 
[ 
X'R- 1 X 
Z'R- 1 X 
(3.2) 
where matrix X assigns 'the appropriate fixed effects to each animal, matrix Z assigns 
the sire of dam random effects, vector {3 is the solutions of the fixed effects, and vector u 
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is the predicted transmitting abilities (PTAs) of the sires for milk yield (or solutions for 
any other random effects). Correspondence between vectors and elements of the vectors 
is as follows: 
µ 
Pi 
[: J 
Matrix A is the symmetric matrix of additive genetic relationships among all sires. So 
A- 1 is also symmetric. The additive genetic sire variance is a;. Matrix R is the residual 
error variance matrix (i.e., R = I a;). When R is multiplied through the equations, R- 1 
is eliminated reducing the LMME (3.2) to the common form 
where 
and a= 
the trait is expressed on a continuous scale of measurement; however, the trait twinning 
rate is expressed on a binary scale ( 1 = twin and 0 = single). Therefore, it is more 
appropriate to use a threshold model. 
Threshold Mixed Model Equations (TMME) 
A threshold model uses the observed outcomes for twinning rate on the binary scale (0 
= single and 1 = twin) to estimate effects in the model on a continuous underlying scale. 
The threshold model has the same model form as (3.1), but the threshold mixed model 
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equations (TMME) differ from the LMME. Gianola (1982) and Gianola and Foulley 
(1983) describe the TMME as derived from a log-likelihood function as 
[ 
X'W X X'W Z ] [ /3 l [ X'W y l 
Z'WX Z'WZ + c- 1 u - Z'Wy 
(3.3) 
where X, Z, /3 and u are defined as in (3.2). Matrix G is the nonsingular covariance such 
that c- 1 = A- 1 }~. The vector y = xp + Zu + w-1v. (Note that y-=/= y = xp + Zu.) 
The vector v is the vector of values given by 
or 
-<P(Yi) 
1 - <I>(yi) 
if Yi =::= 1 (the observation was a twin) 
if Yi = 0 (the observation was a single), 
where <P is the normal probability distribution function (pdf), N(0,1), and <I> is the 
normal cumulative distribution function ( cdf) of </J, and y is the expected phenotypic 
value of each individual (i.e. Yi = xiP + Ziu). Now matrix W is a diagonal matrix of 
weights given as Wi = v[ + ViYi (defined with detail in the section entitled "Development 
of TMME"). Consider Was replacing R-1 from (3.2) . However, the diagonal elements 
of lV vary for each observation and cannot be factored out like R-1 . 
Notice that v and W both depend on parameters (/3 and u), so both the left hand 
side and the right hand side of the equation depend on parameters. Let 
H= b = and r = 
[ 
X'WX X'WZ l [ /3 l [ X'Wy l 
Z'WX Z'WZ + c- 1 ' u Z'Wy 
So (3.3) reduces to Hb = r. This result leads directly to an iterative method, which is 
outlined in the next section, to solve for b given as 
where b0 = 0 can be the initial guess. Later, in the section entitled "Newton-Raphson 
Method", it is shown that this method is , in fact, the Newton-Raphson method expressed 
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in a slightly different form. The Newton-Raphson method (also simply called Newton's 
method) is a rapidly converging iterative method. 
Algorithm 
The algorithm used to analyze threshold data is outlined and programmed by Misztal 
et al. (1989). 
1. Start with initial parameter estimates to be zero. 
~=[!:] [:] 
2. Compute predicted values for each observation. 
3. Compute vector v. 
y = X(3 + Zu or Yi = Xif3 + Z(U 
{ 
¢(Yi) if y; = l(twin) 
A <l>(yi) 
V; = 
-<P(Yi) if Yi = O(single) 1-<l>(yi) 
Note that the program from Misztal et al. (1989) uses tables for values of <P and 
¢ that uses linear interpolation for values not found in the tables. 
4. Compute matrix W. 
W =diagonal( w;), where w; = vf + v;y; 
5. Compute vector y. 
or 
v· 
f}; =Yi+~ 
Wi 
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6. Solve for bn+I with Gauss-Seidel (GS) iterations. 
The Gauss-Seidel method approximates bn+I = H-1r without inverting H. Let 
H = L + U where L is lower triangular and U is upper triangular. So L is easy to 
invert. 
Hb= r 
(L+U)b=r 
Lb+ Ub = r 
Lb= -Ub + r 
Let bn = b~~ 1 be the initial parameter estimates of the GS iterations. 
Finally let b~:t 1 l = bn+ 1 , where the iterations of the algorithm are denoted as 0 
through n + 1 and the GS iterations are denoted as 0 through m + 1. 
Note that 
(a) The user of this algorithm can do one or more GS iterations and the algorithm 
will still converge. 
(b) Matrix H and vector r depend on the old parameters, bn. 
7. Repeat steps 2-6 with new parameters, bn+1 , until convergence. 
Development of TMME 
Preliminaries 
The binary twinning trait is 
Yi= { l 
0 if observation is a single 
if observation is a twin 
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Let Yi be an estimate of the observation such that Yi = x;/3 + z;u. Note that 
Pr(yi = 1) = <I>(y;) and Pr(y; = 0) = 1 - <I>(y;), 
where <I>(y;) is the normal cumulative density function (cdf) for a given observation to 
be a twin (y; = 1 ). Therefore 1 - <I>(Yi) is the probability for a given observation to be 
a single (Yi = 0). 
Given that 
then 
(3.4) 
and 
(3.5) 
Now from (3.4) and (3.5), ¢(Y;) is the normal probability density function (pdf) for a 
given observation. 
Since 
it follows that 
(3.6) 
and 
(3.7) 
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Posterior Log-Likelihood Function 
The posterior probability must be maximized to determine the fixed and random 
effects (i.e. , /3 and u , resp.) given the observations (y) are known. The posterior is 
given by 
P(/3 I ) = P(/3, u, y) 
' u y P(y) 
P(yl/3, u)P(/3, u) 
P(y) 
This manipulation is known as Bayes ' Rule (Gelman, 1995, p.8). Since P(y) is a con-
stant, it follows that 
P( /3, uly) ex P(yl/3, u)P(/3, u), (3.8) 
where P(/3, uly) is the posterior, P(yl/3 , u) is the likelihood and P({J , u) is the prior. 
The likelihood of a single observation is assumed to be a binomial distribution. Since 
all observations are independent, the likelihood function for all observations is given as 
a product of each observation's probability as 
n 
P(yl/3, u) ex II <I>(Yi)Yi [1 - <I>(Yi)]1-Yi 
i=l 
In the prior , {3 and u are independent so P({J, u) = P({J)P(u). Now assume P({J) to be 
a constant (so f3 results in fixed effects) leaving 
P({J, u) ex P(u) , 
where P(u) is normally distributed as 
Therefore, 
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Now (3.8) can be expressed as 
It is known that maximizing the logarithm of a function gives the same solution as 
maximizing the function itself. The next step is to apply the natural logarithm to the 
posterior function. The new log-likelihood function is denoted as L. 
L(/3, u) = t [Yi ln(<P(Yi)) + (1 - Yi) ln(l - <P(Yi))] - ~u'G- 1 u (3.9) 
i=l 
The next two sections find the gradient vector of first partial derivatives and the Hessian 
matrix of second partial derivatives of (3.9) so that the Newton-Raphson method can 
be used to find where the gradient vector is zero which results in the maximum of this 
log-likelihood function. 
First Partial Derivatives 
The first partial derivative of (3.9) with respect to /3p with algebraic simplification 
from (3.4) is 
(3.10) 
Define 
(3.11) 
It follows that 
So 
[)L I 
8/3 =xv. 
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The first partial derivative of (3.9) with respect to u with algebraic simplification from 
(3.5) is calculated similarly as 
~~ = Z'v - c-1u. 
Note that vector v' = [v1 · · • vn] is as defined in the TMME given in (3.3), and the 
gradient is defined as 
Second Partial Derivatives 
The expression for v; will be needed later in this section. Therefore, v; needs a clear, 
concise definition before it can be used in simplifying the second partial derivatives. 
Consider Vi as defined in (3 .11 ). Then 
v; = yf (:) 2 + 2yi(l - Yi) (:) ( l ~¢ip) + (1 - Yi) 2 ( l ~¢ip) 2 
Consider the two possibilities for Yi· If Yi = 1 then 1 - Yi = 0, and the middle term is 
zero. Also if Yi = 0, then middle term is still zero. So vf reduces to 
Since Yi = 1 or Yi = 0, it happens that Y1 = Yi· Similarly (1 - Yi) 2 = 1 - Yi· So v; 
reduces to 
2 (¢)2 ( ¢ )2 
vi = Yi ip + (1 - Yi) l _ ip (3 .12) 
Now (3 .12) is in a useful form to derive the Hessian matrix of second partial derivatives. 
To derive the Hessian matrix, first consider the first partial derivative of (3.9) with 
respect to {JP as given in (3 .10). 
i:, = t, [Y• (:) + (1 - Yi) (i ~qi~) l x;, 
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Next, take the derivative of the above equation with respect to {3q using algebraic sim-
plification from (3.4) and (3.6). This is given by the quotient rule. 
82 L = ~ [ . (<I> (- <f;)yixiq - <f;<f;xiq ) 
8(3 8(3 ~ Yi <f>2 
q p i=l 
( -(1 - <I>)(- <f>)YiXiq - (-<f;)(-<f;)xiq)] +(1 - Yi) [l _ <I>]2 Xip 
n [ (-</; ¢2 ) 
= ~ Yi ~ Yi - <f>2 Xiq 
( <P A ¢
2 
) ] + (1 - Yi) 1 - <I> Yi - [1 - <I>]2 Xiq Xip 
= t, [Yi ( ~¢ fji - (:)') 
+ (l - Yi) ( l ! <J> f); - ( l ! <J>) ' ) l XiqXip 
= t, [-Yi (:) Yi - Yi (: )' 
-(1 - Yi) ( l ~¢<!>) 1Ji - (1 - Yi ) ( l ! <l>) '] XiqXip 
= - t, [Yi (: ) fji + ( 1 - Yi) ( l ~¢ <l> ) fji 
+Yi (:) 
2 
+ (1 - Yi) ( l ! <J>) ' ] XiqXip 
= - t, [(Yi (:) + (1 - Yi) c ~¢<!>)) fji 
+ (Yi (:) 
2 
+ (1 - Yi) c ! <l>) ') l XiqXip 
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Now by substitution from (3.11) and (3.12) 
Now define Wi = ( vf + WYi) which leads to 
n 
Now note that the (p,q) entry of the matrix X'W X is L Wi XipXiq· Therefore, 
i=l 
82£ 
a132 = -X'W X. 
With similar calculations using (3.4) through (3 .7), it can be shown that 
and 
82 £ 
8{38u = -X'WZ, 
a2L = -Z'WX 
8u8/3 
~:: = -Z'WZ - c-1 • 
Note that the matrix W is defined by the values Wi on its diagonal and zeros elsewhere 
as defined in the TMME given by (3 .3), 
W = diagonal( Wi) = 
and the Hessian matrix is defined as the negative of the previously define matrix H, 
-H= lX'WX 
Z'WX 
X'WZ l 
Z'WZ + c-1 
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Newton-Raphson Method 
To derive the Newton-Raphson Method, consider a function of k variables, F(x) = 
F(x 1 , ... , xk) for which a maximum value is sought. The gradient of F is the column 
of first partial derivatives of F and is denoted by 'VF. At a value x' = [x 1 · · · xn] which 
is the maximum of F, the gradient of F is zero. In searching for a maximum value for 
F , one looks for values of x for which 'VF= 0. The Taylor series expansion of 'V F(x) 
about a vector c is 
'V F(x) = 'V F(c) + D2 F(c)(x - c) +higher order terms, 
where D2 F ( c) = a 828F is the Hessian matrix for F. Then set the gradient, 'VF ( x) , Xp Xq 
equal to zero, and truncate the Taylor series. Hence, the algebra follows as 
0 = 'V F(x) ~ 'V F(c) + D 2 F(c)(x - c) 
0 ~ 'V F(c) + D 2 F(c)x - D 2 F(c)c 
D2 F(c)x ~ D2 F(c)c - 'V F(c) 
x ~ c- [D2F(c)i- 1 'VF(c). 
The Newton-Raphson Method for optimization is 
(a) Choose first estimate, x 0 , of the solution. 
(b) Compute 
until convergence. 
(3.13) 
When one is maximizing the function F(x), it follows from the second derivative test, 
that if the Hessian matrix, D 2 F(x) , is negative definite the solution x is a local maxi-
mum. Similarly, if the Hessian matrix will be positive definite, x is a local minimum. 
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Now one should recognize from (3.13) that the Newton-Raphson method for this 
analysis is of the form 
(3.14) 
where the Hessian, -H = D2 F(x) , and the gradient, g = 'V F(x), of the log-likelihood 
function (3 .9) are evaluated at the old estimate, bn. The updated estimate, bn+i , is to 
be used for the next iteration. The equation (3.14) converges to a local maximum or 
local minimum of the log-likelihood function. 
The matrix-vector form of (3.14) is 
[ 
(3 ] [ (3 ] + [ X'W X 
u u Z'WX 
n+l n l-1 [ l X'WZ X'v Z'WZ + a-1 Z'v - a-1 , (3.15) 
where a-1 = A- 1 ~, the diagonal matrix W = W' depends on the vector v , and 
u, 
y = X(3 + Zu + w- 1v. 
Multiplication through (3.15) by H = [ X'W X 
Z'WX 
X'WZ l 
Z'WZ + a-1 
results in 
[ 
X'vVX 
Z'WX 
[ 
X'WX(3+X'WZu+X'(Ww-1 )v l 
Z'WX(3 + Z'WZu + a-1u + Z'(WW- 1)v - a-1u 
[ 
X'W(X(3 + Zu + w-1v) l 
Z'W(X(3 + Zu + w- 1v) 
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Let 
y = X{3 + Zu + w- 1v. 
Now 
[
X'WX 
Z'WX 
X'WZ l [ {3 l 
Z'WZ + a-1 
U n+l 
[ 
X'Wy] · 
Z'Wy 
Finally, 
[ X'WX 
Z'WX 
X'WZ ] 
Z'WZ + a-1 [:LI [ X'WY] Z'Wy 
So 
[:LI [ X'WX X'WZ r [ X'WY] Z'WX Z'WZ + a-1 Z'Wy 
where the right hand side depends on the old parameters. One can solve for the new 
parameters with Gauss-Seidel iterations. Once the new parameters are obtained repeat 
the process until convergence (as described in the section entitled "Algorithm"). 
Estimates of Variance Components 
The ultimate goal was to use a threshold sire model (TM) to obtain estimates of the 
predicted genetic merit of sires for twinning rate. Of course, this requires estimates of the 
herd-year and sire variance which are difficult to obtain for a large data set containing 
many herd-year and sire subclasses. Therefore, the herd-year effect was absorbed, and 
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its variance component could not be estimated. Ron et al. (1990) arbitrarily set the 
herd-year-season variance at 0.1 of the residual variance. The analysis in this paper tried 
to improve on the analysis done by Ron et al. (1990) by estimating herd-year variance by 
fitting herd-years as an uncorrelated random effect in the sire model using the multiple 
trait derivative-free restricted maximum likelihood (MTDFREML) software (Boldman 
et al., 1993). Records with unknown sires were included in the analysis by assigning 
them to one of five phantom parent groups (PSGs) by calf birth year. 
Several subsets of the full data set were analyzed to resolve the impact of assumptions 
about effects in the model (e.g., treating herd-years as fixed or random effects) and to get 
some indications about the magnitude of variance components (e.g. , herd-year variance 
relative to error variance). A description of different data sets used in the analysis is 
given in Table 3.1. Analysis of subsets focused on the following: 1) using only part of 
the data (B.l vs. B.2.a.l); 2) treating herd-years as fixed or random; 3) including 
phantom sire groups (PSGs) (B.2.a.l vs. B.2.a.2); and 4) improving on previous research 
reported in the literature. Estimates of effects and variance components were obtained 
by using MTDFREML procedure for the linear sire model (Boldman et al., 1993). The 
TM analysis was completed by using the program CMMAT developed by I.M. Misztal 
(personal communication, 1993). The TM program was based on the concepts described 
by Misztal et al. (1989) . The sire evaluations were computed as the sum of the sire and 
sire group effect . The heritability estimates (h2 ) were calculated as 
2 4 · V(sire) h = ' V(sire) + V(herd) + V(error) 
where 4 . V (sire) is the additive genetic variance and the denominator is the total 
phenotypic variance. 
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Table 3.1 Description and Analysis of the Data Sets 
A. Complete data. 
A.l Edited, 22 progeny/sire, 5 PSGsa, 1,324,678 records. 
B. Subsets of complete data. 
B.l Edited, 225 progeny /sire, 5 PS Gs, 1,211 ,123 records . 
B.2 Four random sarr:iples of herds from A. 
B.2.a Edited, 22 progeny /sire, 5 PS Gs, 83,443 records. 
B.2.a.1 Edited, 225 progeny /sire, 5 PSGs, 65,496 records. 
B.2.a.2 Edited , 225 progeny /sire, no PSGs, 51,627 records. 
B.2.b Edited , 22 progeny /sire, 5 PSGs , 79,512 records. 
B.2.c Edited , 22 progeny/sire, 5 PSGs , 82,470 records. 
B.2.d Edited , 22 progeny /sire, 5 PS Gs, 87,230 records. 
apse = phantom sire group 
Data 
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CHAPTER 4 
RESULTS AND DISCUSSION 
Simple characteristics describing the data are given in Table 4.1. All the data sets 
had twinning rates between 4.63% and 5.46%. The data set used for the primary analysis 
was B.l , which had a twinning rate of 5.08%. The complete data set had a twinning rate 
of 5.02%. Due to questions that arose during the analysis , as described in the section 
enti tled "Estimates of Variance Components", the other data sets in Table 4.1 were 
analyzed as well to answer these questions. Records with unknown sires were grouped 
into phantom sire groups (PS Gs) by the birth date of the calf. These PS Gs were included 
to make use of all the data available to help estimate fixed effects. This analysis was 
done on 3,442 sires , which is considerably more sires than the analysis done by Ron et 
al. (1990) that included only 179 sires. 
Data Analysis 
In the process of analysis , preliminary estimates of sire variances and consequently 
the heritabili ty estimates were inflated more than expected . In a search to find the root 
of t he problem , several analyses of smaller subsets of the original data were conducted. 
The general flow of these analyses and description of the subsets are shown in Table 3.1. 
39 
Table 4.1 Characteristics of the Data Sets 
Data 
Seta 
A.l 
B.l 
B.2.a 
B.2.b 
B.2.c 
B.2.d 
B.2.a.l 
B.2.a.2 
Records 
1,324,678 
1,211,123 
83,443 
79,512 
82,470 
87,230 
65,496 
51 ,627 
Number of 
Herd-year 
37,174 
37,050 
2,476 
2,470 
2,444 
2,454 
2,448 
2,342 
0 See description of data sets in Table 3.1. 
Estimates of Variance Components 
Sires 
17,736 
3,442 
4,276 
3,949 
4,033 
4,133 
494 
490 
Twins(%) 
5.02 
5.08 
5.42 
4.63 
4.98 
5.29 
5.38 
5.46 
Herd-years were initially considered to be fixed effects. Both a linear sire model (LM) 
and a threshold sire model (TM) were used to establish the level of genetic variance for 
twinning rate. Linear model estimates of variance components for several subsets of 
the data are given in Table 4.2, and comparable estimates using a TM are given in 
Table 4.3. Estimates of sire variance from the LM were consistent across four random 
samples of herds (see estimates for data sets B.2.a, b , c, and din Table 4.2), resulting in 
reasonable heritability estimates that ranged from 5.06 to 8.14%. Comparable estimates 
of the sire variance from the TM were considerably larger (see estimates for data sets 
B.2 .a, b, c, and d in Table 4.3), resulting in heritability estimates of 22.32 to 26.20%, 
which appeared unusually high and encouraged us to take a closer look at particular 
assumptions implied when estimating effects and predictors from binary categorical data 
using linear and threshold models. 
Data Set 
B.l 
B.2.a 
B.2.b 
B.2.c 
B.2.d 
B.2.a 
B.2.a.1 
B.2.a.2 
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Table 4.2 Estimates of Variance Components and 
Heritability by Linear Sire Model 
V(sires) V(herd) V( error) V(total) 
0.000252 R 0.002978 0.04476 0.04799 
0.000937 F 0.000100 0.04960 0.05064 
0.000732 F 0.000100 0.04257 0.04340 
0.000588 F 0.000100 0.04584 0.04653 
0.000953 F 0.000100 0.04578 0.04683 
9·,G 
0.000663 z,,, R 
,. 
0.003046 0.04756 0.0~077 I 
-z~ / R •O 1" 0.000280 0.002891 0.04756 0.05,J 52 
I 
0.000294 J, ';.,.-:' R 0 0.004034 0.04710 (}..05121 
"rop \''.:(; Ii. M -~ !1r vor ~~" ,.,.\ c ~ 
a Analysis done with herd-year (HY) fixed = F or random = R. 
2.10 
7.40 
6.75 
5.05 
8.14 
5.16 v l~I ~ 
2.20 vt>~'I) 
2.28 
•O"~O,,,_(-,~) 
Due to the binary nature of the observed responses, some herd-years may have no 
twins (most likely) , or all twins (unlikely, but possible). Previous research has indicated 
that events such as those mentioned above can give unusually large estimates for effects 
and predictors in the TM model (Harville and Mee, 1984; Djemali et al., 1987; Misztal et 
al. , 1989). And, these large estimates of effects and predictors also inflate the estimates 
of the variance. The problem with unusually large estimates of effects with herd-years as 
a fixed factor in the model can be eliminated by treating herd-years as random factors 
in the model. 
Due to the large number of herd-years , this effect was absorbed, and its variance 
component could not be estimated. Ron et al. (1990) arbitrarily set the herd-year-
season variance at 0.1 of the residual variance. The analysis in this paper tried to 
improve on the analysis of Ron et al. (1990) by estimating herd-year variance by fitting 
herd-years as an uncorrelated random effect in the linear sire model using MTDFREML 
software (Boldman et al., 1993). Once the proportion of the herd-year variance to the 
1(.. L/: 
\\ .b-
41 
Table 4.3 Estimates of Variance Components and 
Data Set 
B.l 
B.1 
B.2.a 
B.2.b 
B.2.c 
B.2.d 
B.2.a.1 
B.2.a.1 
B.2.a.2 
B.2.a.2 
by Threshold Sire Model ( V (error) = 1) 
V(sires) 
0.0245 
0.0245 
0.0591 
0.0666 
0.0701 
0.0633 
0.0229 
0.0232 
0.2939 
0.2905 
HYa 
R 
R 
F 
F 
F 
F 
R 
R 
R 
R 
V(herd) 
0.1000 
0.0608 
0.0001 
0.0001 
0.0001 
0.0001 
0.1000 
0.0608 
0.1000 
0.0608 
a2 li 
10.00 
16.45 
10,000.00 
10,000.00 
10,000.00 
10,000.00 
10.00 
16.45 
10.00 
16.45 
a Analysis done with herd-year (HY) fixed = F or random = R. 
Heritability 
V( total) 
1.1245 
1.0853 
1.0592 
1.0667 
1.0702 
1.0634 
1.1229 
1.0840 
1.3939 
1.3513 
bThe pr.oportion of error variance to herd-year variance, a2 = ~(t{;;;}. 
h2(%) 
8.71 
9.03 
22.32 
24.97 
26.20 
23 .81 
8.16 
8.56 
84.34 
85.99 
residual variance was established by the LM estimation procedure, the same proportion 
was applied to absorb herd-years in the TM analysis. 
Estimates of heritability from the TM were more similar to the LM estimates when 
herd-year was included as a random effect in the TM (compare estimates for data sets 
B.2.a.l in Table 4.3 with estimates for data sets B.2.a, b, c, and din Table 4.2). Estimates 
for the herd-year variance from the LM were consistently similar for the full data and 
the subsets derived from a random sample of herds (compare estimates for data sets B.l, 
B.2.a, B.2.a.l , and 2 in Table 4.2). 
Phantom sire groups (PS Gs) were initially conceived as a technique to eliminate bias 
in estimates of effects and predictors (e.g. , season, parity and sire groups) by making 
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use of all the data. The PSGs appear to have served this purpose. Estimates of the 
sire variance were much larger when PSGs were ignored (see estimates for sire variance 
for data set B.2.a.l, with PSGs, versus data set B.2.a.2, without PSGs in Table 4.3). 
The lack of PSGs inflated sire variance causing the heritability to increase from 8.16% 
to 84.38%. 
The final comparison involved the data set B.l which was analyzed with random 
herd-year assuming herd-year variance was 0.1 and 0.0608 of the error variance. There 
was little difference between these two analyses (see estimates for data set B.l in Table 
4.3). In fact , the sire variance remained the same. The only difference was that smaller 
herd-year variance increased heritability slightly. 
In summary, treating herd-year as a fixed effect in the TM tended to make heritability 
estimates larger than expected. A LM was used to get approximate estimates for all 
random components of the model (herd-year, sire and residual). Threshold models 
including random herd-year variance as a proportion of residual variance in the range of 
0.06 to 0.1 gave very similar estimates of heritability. Bias in prediction and estimation 
was minimized by including PSGs to account for unknown sires . The LM estimate for 
herd-year variance without PSGs was much larger than the LM estimate including PSGs. 
Heritability Estimates 
Heritability estimates are also given in Table 4.2 for the LM and in Table 4.3 for 
the TM. When PSGs were ignored, the heritability estimates were approximately 85%, 
which were greatly inflated compared to the literature (see estimates for data set B.2.a.2 
in Table 4.3). When herd-year effects were considered fixed , the heritability estimates 
were approximately 25%, which was marginally higher than estimates from the literature 
(see estimates for data sets B.2.a, b, c, and din Table 4.3). Therefore, the analysis must 
included PSGs and must consider herd-year effects to be random in order to obtain rea-
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sonable estimates of the heritability. The heritability estimated under these conditions 
was 8.71 and 9.03% (see estimates for data set B.l in Table 4.3). The threshold model 
appears to estimate heritability better than the linear model, because the threshold 
model accounts for the binary expression of twinning. Heritability estimated by the TM 
was similar to the estimate calculated by Ron et al. (1990) (8.71% vs. 10.1%, resp.). 
Environn1ental Effects 
The environmental effects of season, parity, and birth year group of the sire were cal-
culated for both the LM and the TM. Solutions for environmental effects were converted 
to percentages and are summarized in Table 4.4, and for comparison, the observed fre-
quencies of twins for each corresponding effect are also included. Table 4.5 contains the 
solutions (not percentages) given by the LM and TM. Data set A. is the complete data 
set where data set B.l contains only the records for sires with 25 or more progeny. Both 
data sets contain phantom sire groups. Both the LM and the TM demonstrate similar 
trends in estimates. 
The most apparent effect is the parity of the dam producing twins. It is easy to 
see the increasing twinning rate from first parity to the fifth and later parities . Parity 
has a pronounced increase between first and second parity (1.17% vs. 3.95%), but this 
effect leveled off in later parities (5.11 %, 5.54%, and 5.54% for third, fourth , and higher 
parities, resp.). This is consistent with previous studies (Johansson et al., 1974; Ron et 
al., 1990; Eddy et al., 1991). 
The season effects demonstrate a subtle trend with a peak in the spring ( 4.48%) and 
a valley in the fall ( 3 .1 7%), which is the opposite of the trend that Gregory et al. ( 1990a) 
noticed. Some previous research found season effects to be significant (Gregory et al., 
1990a) while others did not find season to be a significant effect (Eddy et al., 1991). 
The sire group effects are much more puzzling. The observed twinning frequency 
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Table 4.4 Comparison of Observed Frequency of Twinning 
and Estimates for Fixed Effects (%) 
Observed Estimates from 
Freq. of Set a Analysis of B.l 
A. B.l LM TM 
Season 
Jan-Mar 5.44 5.49 7.67 4.17 
Apr-Jun 5.93 6.00 7.83 4.48 
Jul-Sep 4.82 4.90 6.71 3.65 
Oct-Dec 4.28 4.32 6.06 3.17 
Parity 
1 1.84 1.87 3.37 1.17 
2 5.20 5.25 6.76 3.95 
3 6.42 6.45 8.09 5.11 
4 6.76 6.81 8.57 5.54 
~5 6.48 6.58 8.58 5.54 
Sire Groups 
~ 1980 5.44 5.45 6.65 3.42 
1981-85 5.59 5.60 7.16 3.72 
1986-90 4.29 4.13 6.85 3.71 
1991-98 3.94 4.56 7.22 4.25 
Unknown 5.43 5.44 6.66 4.16 
Total 5.02 5.08 7.07 3.84 
asee description of data sets in Table 3.1. 
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Table 4.5 Solutions for Fixed Effects (Data Set B.1) 
Solutions given by 
Effect LM TM 
Season 
Jan-Mar 0.0237 -1.5190 
Apr-Jun 0.0253 -1.4857 
Jul-Sep 0.0141 -1.5801 
Oct-Dec 0.0076 -1.6449 
Parity 
1 -0.0520 -0.6739 
2 -0.0181 -0.1619 
3 -0.0048 -0.0398 
4 0.0000 0.0005 
2:5 0.0001 0.0000 
Sire Groups 
~ 1980 -0.0083 -0.0898 
1981-85 -0.0032 -0.0516 
1986-90 -0.0063 -0.0524 
1991-98 -0.0025 0.0097 
Unknown 0.0000 0.0000 
seemed to decrease from sires born before 1980 to sires born after 1991 (5.44% to 3.94%), 
but the TM estimates showed an increasing twinning frequency from sires born before 
1980 to sires born after 1990 (3.42% to 4.25% ). This situation may be explained by sires 
born before 1980 corresponding to older cows, which were in later parities, and it was 
obvious that later parity cows are much more likely to twin. The estimates account for 
this possibility, while the observed frequencies are confounded with parity effects. If, in 
fact, the sires born after 1990 do have a higher twinning rate, this would be consistent 
with the idea that increased twinning is correlated with increased milk yield, as suggested 
in Israeli Holsteins by Ron et al. (1990), because the sires born after 1990 should have 
the highest PTAs for milk yield. One may note that the twinning rate of Holsteins has 
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increased from 4.75% in 1978 (Cady and Van Vleck, 1978) to 5.02% in 1998 observed in 
this study. 
Sun1n1ary of Sire Solutions 
All the predicted transmitting abilities (PT As) were calculated with the threshold 
model. The PTAs for each data set are summarized in Table 4.6, and the quantiles for 
the PTAs are summarized in Table 4.7. When the sire solutions were calculated with 
herd-year as a fixed effect, sire solutions were inflated. The maximum sire solution from 
data set B.l , under the assumption of random herd-year variance equal to 0.1 or 0.0608 
of the error variance, were 7.95 and 8.42%, respectively, while the maximum sire solution 
under the assumption for fixed herd-year was 12.87%. The mean of the sire PTAs for 
twinning rate was similar to the mean twinning rate for each data set. Some positive 
skewness was expected, because the sire solutions must have a lower bound of zero. The 
low value for kurtosis implies a narrow distribution with a small standard deviation. 
Table 4.6 Summary of Sire PTAs (%)from the Threshold Model 
Data Set 
B.l 
B.l 
B.l 
B.2.a 
B.2.b 
B.2.c 
B.2.d 
HY a # Sires Mean 
Rb 3,442 3.96 
RC 3,442 4.21 
F 3,442 4.71 
F 4,276 5.58 
F 3,949 4.32 
F 4,033 4.75 
F 4,133 4.88 
SD Med 
0.76 3.9 
0.81 4.1 
1.68 4.0 
1.08 5.0 
0.89 4.0 
1.10 5.0 
0.96 5.0 
Min 
1.56 
1.68 
1.74 
2.15 
1.66 
1.63 
2.31 
Max Skew Kurtosis 
7.95 0.03 1.31 
8.42 0. 76 1.96 
18.12 0.37 0.65 
12.87 0.55 1.83 
11.48 1.30 5.15 
12.81 0.46 1.76 
14.26 1.19 3.88 
a Analysis done with herd-year (HY) fixed = F or random = R. 
bRandom herd-year assuming herd-year variance was 0.1 of error variance. 
cRandom herd-year assuming herd-year variance was 0.0608 of error variance. 
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Table 4.7 Quantiles for Mean Twinning Rate Under 
Different Assumptions (%) 
Quantiles 
Data Set Method Q'.2 a 5% 50% 95% 
B.l Random Herd-Year 10.00 2.9 3.9 5.3 
B.l Random Herd-Year 16.45 3.1 4.1 5.7 
B.l Fixed Herd-Year 10,000.00 3.0 4.0 8.0 
B.2.a Fixed Herd-Year 10,000.00 4.0 5.0 7.0 
B.2.b Fixed Herd-Year 10,000.00 3.0 4.0 6.0 
B.2.c Fixed Herd-Year 10,000.00 3.0 5.0 7.0 
B.2.d Fixed Herd-Year 10,000.00 4.0 5.0 7.0 
aTh · f · h d · V error e proport10n o error vanance to er -year variance, a2 = v herd) . 
Consider the analysis of data set B.l with random herd-year and herd-year variance 
of 0.1. The highest sire had a PTA of 7.95%, while the lowest sire's PTA was 1.56%. The 
evaluations for the ten sires with the highest PTAs for twinning rate are summarized in 
Table 4.8, and the evaluations for the ten sires with the lowest PTAs are summarized in 
Table 4.9. We can easily see how the PTAs compare to the raw percent of twins from 
the daughters of these bulls. The bulls are not identified by their Holstein registration 
numbers , but each bull has a unique identification number for this analysis. The PTAs 
of sires with a large number of progeny carry more certainty with their predictor. Fewer 
progeny indicates less certainty. The analysis procedure adjusts for unequal numbers of 
progeny so the PTAs are comparable across sires. Consider sire 3144 in Table 4.8, he 
has a very high percent of observed twinning(~~ = 27.7%), but his PTA (7.9%) is much 
less than the observed percent because he has few progeny. Now consider sire 989 (also 
in Table 4.8) , his observed frequency of twinning Uiis = 9.2%) is similar to his PTA 
(7.8%) , since he has many progeny. On the other hand, the low ranking sires in Table 
4.9 also have low observed twinning frequencies due to the lower bound of zero. These 
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sire PTAs along with confidence intervals for twinning rate are the results that B.W. 
Kirkpatrick, at the University of Wisconsin, will utilize in his QTL research. 
The top ten and bottom ten sire solutions from the analysis of data set B.l with 
random herd-year variance 0.0608 of error variance are shown in parentheses next to the 
previous analysis in Tables 4.8 and 4.9. There was little change in the sire evaluations 
between the two analyses. The increase in PTAs is due to the increase in the mean, 
not the evaluations. The rankings did change slightly, but the top ten and bottom 
ten sires remained the same. In the bottom ten sires, only one pair of sires changed 
rank. In the top ten sires, severals sires changed rank. A closer look at the change of 
rank reveals that sires changed rank only with sires having nearly identical evaluations. 
The sire evaluations that changed the most were for sires having fewer progeny to test. 
The evaluations, resulting from the analysis with random herd-year variance of 0.1 of 
the error variance, were more conservative predictors of the sire PTAs. Sires with many 
progeny were weighted heavier than sire with fewer progeny. For example, the evaluation 
for sire 1295 remained the same, because he had a large number of progeny. However, 
the evaluation for sire 3144 increased from 0.318 to 0.327, and he had few total progeny. 
The analysis with random herd-year variance equal to 0.1 of the error variance was 
considered the better analysis, because it was similar to the analysis done by Ron et al. 
(1990) and it was a more conservative prediction. 
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Table 4.8 Summary of Highest Sires for Twinning Rate 
Observed Progeny 
Sire Rank Eval. PTA(%) Freq.(%) Single Twin 
1295 1 a (2)b 0.324 (0.324) 8.0 (8.4) 16.2 109 21 
3144 2 (1) 0.318 (0.327) 7.9 (8.4) 27.7 26 10 
989 3 (3) 0.311 (0.310) 7.8 (8.2) 9.2 3946 399 
1420 4 (4) 0.307 (0.307) 7.7 (8.1) 11.3 197 25 
2883 5 (5) 0.299 (0.305) 7.6 (8.1) 22.4 38 11 
737 6 ( 7) 0.270 (0.263) 7.2 (7.5) 9.4 809 84 
1057 7 (9) 0.264 (0.262) 7.1 (7.5) 7.6 1867 153 
805 8 (10) 0.264 (0.261) 7.1 (7.5) 9.5 3147 330 
13 9 (8) 0.263 (0.263) 7.1 (7.5) 12.8 320 47 
2951 10 (6) 0.260 (0.265) 7.0 (7.5) 22.2 28 8 
a Assuming herd-year variance was 0.1 of error variance. 
b Assuming herd-year variance was 0.0608 of error variance. 
Table 4.9 Summary of Lowest Sires for Twinning Rate 
Observed Progeny 
Sire Rank Eval. PTA(%) Freq.(%) Single Twin 
1267 1a( l)b -0.421 (-0.420) 1.6 (1. 7) 0.7 807 6 
814 2 (2) -0.410 (-0.410) 1.6 (1. 7) 1. 7 592 10 
435 3 (3) -0.409 (-0.409) 1.6 (1. 7) 2.0 728 15 
526 4 (4) -0.401 (-0.399) 1.6 (1.8) 1.8 589 11 
733 5 (6) -0.379 (-0.375) 1.7 (1.9) 2.1 641 14 
538 6 (5) -0.379 (-0.378) 1.7 (1.9) 2.4 1271 31 
719 7 (7) -0.362 (-0.367) 1.8 (1.9) 1.8 498 9 
543 8 (8) -0.357 (-0.362) 1.8 (1.9) 2.4 1238 31 
812 9 (9) -0.354 (-0.354) 1.8 (2.0) 2.0 384 8 
1208 10(10) -0.350 (-0.347) 1.9 (2.0) 1.6 1435 23 
a Assuming herd-year variance was 0.1 of error variance. 
b Assuming herd-year variance was 0.0608 of error variance. 
Data 
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CHAPTER 5 
CONCLUSIONS 
Aside from the difficulty of calculation, the huge amount of data was beneficial in 
making the most reliable estimates and predictions. The extensive collection of data 
has permeated many herds, environments, and sires, which allows better estimates and 
predictions of sires across herds and environments. The data were primarily collected 
between J uly, 1996, and December, 1998, which makes it as current as possible. The 
last study done on twinning rate in North American Holsteins was Cady and Van Vleck 
(1978) over 20 years ago with a much smaller data set using a linear model. The use of a 
much larger data set and the threshold model makes the analysis very reliable. Overall 
the data were very useful and current. 
Heritability 
The linear model heritability estimate calculated from this data was 2.10%, which is 
consistent with a heritabilities of 2.2% (Ron et al., 1990) and 5.0% (Cady and Van Vleck, 
1978) for Holsteins and 8.5% (Van Vleck et al , 1991a) for beef cattle. The threshold 
model estimates of heritability was 8. 71 %, which also is comparable to 10.1 % (Ron et 
al., 1990). 
The percent of Holstein twins born in North America has increased from 4.75% (Cady 
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and Van Vleck, 1978) to 5.08% in the last 20 years. This does not seem to be a large 
increase, but it may indicate a slight trend. 
Fixed Effects 
There is a strong relationship between parity and twinning, especially between the 
first and second parity. First calving heifers have fewer twins than older cows . The trend 
in later parities tends to level off. 
This analysis indicates a seasonal effect on twinning. A cow is more likely to give 
birth to twin calves in the spring than in the fall, while winter and summer births tend 
to be similar. 
The trend for the sire groups show sires born after 1991 are more likely to sire high 
twinning daughters than older sires. 
Continued Research 
A topic of interest involving the TM is the convergence criterion. When the iter-
ations converge, how does one know if the solution is a local maximum or a global 
maximum? L.L.G. Janss (personal communication) suggested that the convergence is 
usually well behaved, but convergence is not guaranteed. There may be a couple more 
ways of checking for a global maximum, but these methods are computationally and 
theoretically difficult. The Hessian matrix should be negative definite at the global 
maximum, proving or calculating negative definiteness on such a large matrix is diffi-
cult. The other suggestion is that the log-likelihood function is convex, and thus, it only 
has one maximum, the global maximum. The easiest check for a global maximum would 
be starting the algorithm with different initial starting values and see if it converges to 
the same solution. The research in this study did use several slightly different analyses 
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which resulted in similar solutions which may be an indication that the solution was the 
global maximum. 
The sire evaluations and their confidence intervals that were obtained from this 
analysis will be used by B.W . Kirkpatrick, a researcher at the University of Wisconsin, 
to search for quantitative trait loci (QT Ls) for ovulation rate, a trait highly correlated 
to twinning rate. B.W. Kirkpatrick (personal communication) has already identified a 
few possible QTLs in sires from a Swedish Friesian family known to be directly related 
to North American Holsteins. 
This analysis omitted triplets to eliminate additional concern over a second threshold 
resulting from three categories (0 = single, 1 = twins, and 2 = triplets). In hindsight, 
triplets could have been left in the analysis without a second threshold. The observations 
could have been grouped as single and multiple births, while still retaining a single 
threshold. The primary concern was multiple births (ovulations). The small number 
of triplets may have little effect on the analysis. The inclusion of triplets should be 
cautioned, because the ovulation of 3 and/or 4 eggs could be caused by different QTLs 
which could hinder B.W. Kirkpatrick 's research. 
A new set of data collected from January, 1999, to June, 1999, should be available 
soon. This new data could be included in this analysis to make estimates and predictions 
even more accurate. 
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APPENDIX A 
MONOZYGOTIC VERSUS DIZYGOTIC TWINS 
The data are twin births in cattle. The data are analyzed as a binary variable: 0 = 
single birth or 1 = twin birth. The interesting part is that twin births can result from 
a split embryo (monozygote or MZ) or from two embryos ( dizygote or DZ). If a twin 
birth results in a male and a female calf, then there were two embryos. Of course, some 
same sex twins occur which can be the result of either a split embryo or two embryos. 
Is there a way to model the data to separate same sex twins into two groups, the MZ 
and DZ groups? 
H.S. Stern (personal communication) responded with, 
It should be possible to estimate the proportion of all-male and all-female 
births that come from a single embryo versus multiple embryos. I'm not sure 
if it would be possible to address the question for any particular birth. That 
would depend on finding some other characteristic (like birth weight) that 
contains information about the embryo in question. 
For human twins, I think the thinking might go like this ... Suppose we have 
1000 sets of twins: 325 male-male, 350 male-female and 325 female-female. 
The 350 male-female twins must have come from two eggs, and we'd expect 
175 female-female and 175 male-male sets of two-egg twins to accompany 
them (assuming 0.5 male births). Then we'd estimate that 150 of the f-f and 
150 of the m-m pairs are monozygotic twins . 
In this setup, if I look at a single f-f pair, there is no way to tell if its MZ of 
DZ. However, if I further knew that DZ babies weigh more at birth then a 
mixture-of-normal model might be used to take account of this information. 
To fully answer this question additional research may be needed. 
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APPENDIX B 
EXPECTATIONS OF TWINS 
Several questions in relation to the frequency of twinning are of interest. For example, 
one may want to know the expected frequency of twins among cows having more than 
one set of twins. Table B.l gives expected probabilities of multiple twin sets for different 
numbers of calvings per cow. The frequency of twins in this population was assumed to 
be 5.0%. The model was assumed to be random. However, twinning does not appear 
to be completely random, because twinning cows tend to be more likely to twin again. 
So one may consider these probabilities to be a lower bound of what might be expected. 
For example, consider all cows having 5 calvings. Of all cows that twinned one or more 
times , one would expect 10.0% of them to twin more than once. Of all cows that twinned 
two or more times, one would expect 5.1 % of them to twin more than twice. 
Table B.1 Expected Probability of Multiple Twinning (%) 
Calving 
Number P(2ll) P(3l2) P( 413) P(5l4) P(6l5) P(716) P(8l7) 
2 2.6 
3 5.1 1.7 
4 7.6 3.4 1.3 
5 10.0 5.1 2.6 1.0 
6 12.4 6.8 3.9 2.1 0.9 
7 14.7 8.5 5.2 3.1 1. 7 0.7 
8 17.0 10.1 6.4 4.1 2.6 1.5 0.7 
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APPENDIX C 
A CLOSER LOOK AT A SUBSET 
In the process of analysis, some variances and consequently some heritability esti-
mates were inflated more than expected. In order to find the cause of the problem, data 
set B.2.a was analyzed under several special conditions as outlined in Table 3.1. The 
changes in the subset did not make significant changes in the analysis. By another anal-
ysis, it was found that changing the parameters involved in the estimates of herd-year 
effects corrected the inflated variance estimates. Table C.1 suggests why the adjustments 
in this subset did not correct the variance estimates. 
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Table C.l Description of Data Subset B.2.a and Percentage of Twinning by 
Fixed Effects 
Number of records 
Number of herd-years 
Number of sires 
Frequency of twinning (%) 
Season 
Jan-Mar 
Apr-Jun 
Jul-Sep 
Oct-Dec 
Parity 
1 
2 
3 
4 
~5 
Sire Groups 
1 
2 
3 
4 
Unknown 
Total 
B.2.a 
~2 progeny 
83,443 
2,476 
4,279 
5.84 
6.50 
5.39 
4.41 
2.21 
5.64 
6.95 
7.04 
7.12 
6.11 
6.00 
4.56 
5.06 
5.80 
5.42 
Data Set 
B.2.a.l 
~25 progeny 
65,496 
2,448 
494 
5.62 
6.53 
5.48 
4.40 
2.07 
5.58 
6.85 
7.12 
7.13 
6.25 
5.98 
4.26 
6.17 
5.70 
5.38 
B.2.a.2 
~25 progeny 
no phantom sires 
51,627 
2,342 
490 
5.66 
6.93 
5.42 
4.55 
2.22 
5.90 
6.92 
7.18 
7.43 
6.25 
5.98 
4.26 
6.17 
6.58 
5.46 
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